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The cosmic ray interaction event generator Sibyll is widely used in extensive air shower sim-
ulations for cosmic ray and neutrino experiments. Charmed particle production has been added
to the Monte Carlo with a phenomenological, non-perturbative model that properly accounts for
charm production in the forward direction. As prompt decays of charm can become a significant
background for neutrino detection, proper simulation of charmed particles is very important. We
compare charmed meson and baryon production to accelerator data.
I. INTRODUCTION
The cosmic ray event generator Sibyll [1, 2] is a rel-
atively simple model that is able to reproduce many
features of hadronic interactions in fixed target and
collider experiments. Sibyll is based on the dual par-
ton model (DPM) [3–5], the Lund Monte Carlo algo-
rithms [6, 7], and the minijet model [8–11], allowing
multiple hard and soft interactions. The hard and soft
interactions are discriminated by an energy-dependent
transverse momentum cutoff. The hard interaction
cross section is calculated according to the minijet
model. Diffraction dissociation is implemented as a
two-channel eikonal model based on the Good-Walker
model [12]. For hadron-nucleus interactions, the inter-
action probability for each nucleon inside the nucleus
is calculated based on the impact parameter distri-
bution. The total interaction cross section is calcu-
lated using the Glauber scattering theory [13]. For
a nucleus-nucleus interaction the semi-superposition
model [14] is used to determine the point of first in-
teraction for the nucleons of the projectile nucleus.
The fragmentation region is emphasized as appropri-
ate for air shower simulations. Version 2.1 has been
available since 1999.
The new version 2.2c has charmed quark and anti-
quark added to the u, d, s quarks and anti-quarks,
and gluons which are present in version 2.1. Small
updates have also been made to give better agree-
ment with experimental data. Addition of charmed
quark is especially relevant to air shower simulation
studies of neutrino detection: the short-lived charmed
particles create “prompt” muons and neutrinos in the
atmosphere with a harder spectrum and isotropic dis-
tribution, whose contributions are searched for in the
atmospheric muon and neutrino spectrum. A proper
representation of charmed particles is thus very impor-
tant for simulations involving neutrino experiments.
In the following sections, we describe how the
charmed quark is added to Sibyll, and compare the
charmed meson and baryon predictions with exper-
imental data. Hereafter, a “q quark” includes both
the quark and anti-quark unless specified.
II. CHARM INCLUSION
The following charmed particles have been added:
mesons D, D⋆ families, ηc, and J/ψ; and baryons
Σc, Σ
⋆
c , Ξc, Ξ
⋆
c families, Λ
+
c , and Ω
0
c .
Charmed particles are formed throughout the whole
fragmentation process. The basic assumption is that c
quarks form in all processes where s quarks form, but
with lower frequency. This is realised in the Monte
Carlo by replacing production of an ss¯ pair by a cc¯
pair with a frequency Pc/Ps = 0.004. The numerical
value is adjusted for a best fit to the data. For com-
parison, Ps/Pd = Pus/Pud = 0.3. Valence s-quarks
(for example in kaon projectiles) are excluded from
this substitution process. This procedure ensures that
all charm production coming from hard and soft pro-
cesses are covered. The cross section is controlled by
the branching ratio.
In a collision, the leading particle carries a valance
quark or diquark of the projectile, in contrast to the
non-leading ones. Leading particles therefore are more
abundantly produced in the forward region, i.e. large
Feynman xF , resulting in an asymmetry between lead-
ing and non-leading particles. This leading quark ef-
fect is well established in charm hadroproduction. For
example, the quark composition of a proton projectile
favours Λ+c over Λ¯
−
c as leading particles. Charmed
particles formed via fragmentation allows the leading
quark effect to be observed [15] .
The momenta assigned to the charmed particles dif-
fers from non-charmed particles to give a harder spec-
trum. While the non-charmed particles follow the
Lund fragmentation function, the heavier charmed
particle fragments according to the Peterson/SLAC
fragmentation function [16]
f(z) ∝
[
z
(
1 − 1
z
− ǫQ
1− z
)2]−1
, (1)
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where z is the fraction of the new particle energy with
respect to the parent quark or diquark, and the free
parameter ǫQ, which is inversely proportional to the
square of the heavy quark mass, has been set to 2. The
primordial pT assigned to the newly formed c quark
or diquark pairs during fragmentation has a Gaussian
distribution with an energy-dependent mean value
〈pT 〉 =
[
p0 + 0.08 log10
( √
s
30GeV
)]
GeV/c , (2)
where p0 = 1.5 GeV/c and 1.0 GeV/c for baryons and
mesons, respectively. This setting results in a higher
〈pT 〉 for charmed particles, compared to other quarks
and diquarks where the 〈pT 〉 ranges from 0.3 to 0.6
GeV/c.
Charmed particles are produced in the interactions
of high-energy primary cosmic rays. The quick decay
of these charmed particles form the “prompt” muons
and neutrinos in the atmosphere. These prompt lep-
tons are expected to have an isotropic angular distri-
bution and a harder spectrum than particles produced
from ordinary decay of pions and kaons. Because of
their relatively hard spectrum and isotropy, prompt
neutrinos are a significant background in the search
for astrophysical neutrino signals above 100 TeV.
Additional minor modifications with respect to
Sibyll 2.1 have been made in version 2.2c. These
include improvements in treatment of diffraction, in-
creasing the s quark fraction and fixing a bug in the
energy dependence of the cutoff of pT . These changes
give a higher multiplicity and a smoother transition
to diffraction in the forward direction.
III. COMPARISON WITH DATA
Most information on differential behaviour is ob-
tained from fixed target experiments, with hadron-
hadron or hadron-nuclei collisions. Distributions of
Feynman xF and transverse momenta p
2
T from the
LEBC bubble chambers, E769, and SELEX experi-
ments are used to compare the charmed meson and
baryon behaviour with Sibyll 2.2c.
The two bubble chamber experiments LEBC-EHS
[17] at Elab = 400 GeV and LEBC-MPS [18] at
Elab = 800 GeV used p-p interactions to search for
production of allD particles. Figure 1 compares theD
production of Sibyll 2.2c to xF and p
2
T distributions
of the differential cross sections. All the comparisons
show good agreement with data.
The E769 experiment [19] used p, π±, K± projec-
tiles on a variety of nuclear targets to obtain the xF
and p2T behaviour of the D mesons, where the dif-
ferential cross sections are given per target nucleon.
Within the perturbative QCD treatment of heavy par-
ticle production, the incident hadron sees the nucleus
as individual nucleons. As a consequence, the pro-
10
0
10
1
10
2
10
3
10
4
 0  0.1  0.2  0.3  0.4  0.5  0.6  0.7
d
σ
/d
x
F
  
[µ
b
]
xF
Elab = 800 GeV  (x 10)
Elab = 400 GeV
2.2c
10
-1
10
0
10
1
10
2
10
3
 0  1  2  3  4  5  6  7
d
σ
/d
p
T
2
  
[µ
b
] 
pT
2
  [GeV
2
]
Elab = 800 GeV  (x 10)
Elab = 400 GeV
2.2c
FIG. 1: Differential cross section distributions of xF (up-
per panel) and p2T (lower panel) for p-p collisions producing
Ds from Sibyll 2.2c plotted against data from LEBC-
EHS (Elab = 400 GeV) and LEBC-MPS (Elab = 800
GeV). For clarity purpose, the simulation results and data
for LEBC-MPS has been multiplied by factor 10.
duction cross section is expected to scale with the nu-
clear mass A. Such behaviour has been verified by
the E769 and WA82 [20] experiments. Nuclear scal-
ing of the target has been upheld in the simulations,
and a proton target has been used to compare with the
data. Figure 2 shows the D production of Sibyll 2.2c
plotted against the E769 data. The overall agreement
with data is good, although the simulated p2T spectra
are somewhat softer than data.
The SELEX experiment [15] used π− and Σ− pro-
jectiles at Elab = 615 GeV and p projectile at Elab =
540 GeV, on a variety of nuclear targets to obtain the
distribution of charmed baryon. The leading quark
effect in charm hadroproduction of baryons can be
tested, as the lack of anti-quarks in the baryon beams
Σ− and p favours quark over anti-quark and an asym-
metry between Λ+c and Λ¯
−
c production is expected.
SELEX observed such an asymmetry with the baryon
beams and reported a relatively flat and hard xF dis-
tribution, fitting to the parameterisation of (1−xF )2.5.
As only the number of events of the distribution of xF
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and p2T are given with no absolute cross section mea-
surement, the normalisation suggested by Ref. [21]
has been adopted, where the SELEX data are multi-
plied by 7µb/nucleon. In the simulation, π− and p
beams are used against nitrogen nuclei target. Com-
parison of Sibyll 2.2c with the data is shown in Fig. 3.
For the proton beam, the shape of both xF and p
2
T for
Λ+c distribution are in agreement though they appear
to be over-produced using the current normalisation.
For the π− beam, the Λ+c are underproduced with a
slightly harder p2T distribution. Due to the lack of
cross section information, we are less concerned with
the overall scaling. The simulation agrees with the
general trend of the data.
IV. SUMMARY
A new version of Sibyll 2.2c has been presented.
This version is updated from the existing version 2.1
to include production of charmed quarks. In addition,
several minor changes have been made to give a bet-
ter realisation of the underlying model. The method
of substituting a small fraction of ss¯ production by cc¯
production covers the full phase space for charm pro-
duction. There is good agreement with charmed me-
son and baryon data. The model reproduces the ob-
served asymmetry between leading Λ+c and Λ¯
−
c . Ver-
sion 2.2c will be especially useful in conducting sim-
ulations for astrophysical neutrino detection experi-
ments such as Baikal [22], ANTARES [23], and Ice-
Cube [24, 25].
V. ACKNOWLEDGEMENTS
Work on this project at the University of Delaware
is supported in part by a grant from the Office
of Science of the U.S. Department of Energy, DE-
FG02-91ER40626. Fermilab is operated by Fermi Re-
search Alliance, LLC under Contract No. DE-AC02-
07CH11359 with the United States Department of En-
ergy.
[1] R. S. Fletcher, T. K. Gaisser, P. Lipari, and T. Stanev,
Phys. Rev. D50, 5710 (1994).
[2] E.-J. Ahn, R. Engel, T. K. Gaisser, P. Lipari,
and T. Stanev, Phys. Rev. D80, 094003 (2009),
0906.4113.
[3] A. Capella and A. Krzywicki, Phys. Rev. D18, 3357
(1978).
[4] A. Capella and J. Tran Thanh Van, Z. Phys. C10,
249 (1981).
[5] A. Capella, U. Sukhatme, C.-I. Tan, and J. Tran
Thanh Van, Phys. Rept. 236, 225 (1994).
[6] H.-U. Bengtsson and T. Sjostrand, Comput. Phys.
Commun. 46, 43 (1987).
[7] T. Sjostrand, Int. J. Mod. Phys. A3, 751 (1988).
[8] T. K. Gaisser and F. Halzen, Phys. Rev. Lett. 54,
1754 (1985).
[9] G. Pancheri and Y. Srivastava, Phys. Lett. B159, 69
(1985).
[10] L. Durand and P. Hong, Phys. Rev. Lett. 58, 303
(1987).
[11] L. Durand and H. Pi, Phys. Rev. D38, 78 (1988).
[12] M. L. Good and W. D. Walker, Phys. Rev. 120, 1857
(1960).
[13] R. J. Glauber and G. Matthiae, Nucl. Phys. B21, 135
(1970).
[14] J. Engel, T. K. Gaisser, T. Stanev, and P. Lipari,
Phys. Rev. D46, 5013 (1992).
[15] F. G. Garcia et al. (SELEX), Phys. Lett. B528, 49
(2002), hep-ex/0109017.
[16] C. Peterson, D. Schlatter, I. Schmitt, and P. M. Zer-
was, Phys. Rev. D27, 105 (1983).
[17] M. Aguilar-Benitez et al. (LEBC-EHS), Z. Phys.C40,
321 (1988).
[18] R. Ammar et al. (LEBC-MPS), Phys. Rev. Lett. 61,
2185 (1988).
[19] G. A. Alves et al. (E769), Phys. Rev. Lett. 77, 2392
(1996).
[20] M. Adamovich et al. (WA82), Phys. Lett. B284, 453
(1992).
[21] P. Berghaus, T. Montaruli, and J. Ranft, JCAP 0806,
003 (2008), 0712.3089.
[22] V. Aynutdinov et al. (BAIKAL), Astropart. Phys. 25,
140 (2006), astro-ph/0508675.
[23] J. A. Aguilar et al. (ANTARES), Nucl. Instrum.
Meth. A570, 107 (2007), astro-ph/0610029.
[24] A. Achterberg et al. (IceCube), Astropart. Phys. 26,
155 (2006), astro-ph/0604450.
[25] A. Karle et al. (IceCube) (2010), arXiV:1003.5715.
Insert PSN Here
4
XVI International Symposium on Very High Energy Cosmic Ray Interactions
ISVHECRI 2010, Batavia, IL, USA (28 June 2 July 2010)
10
0
10
1
10
2
-1 -0.5  0  0.5  1
d
σ
/d
x
F
  
[µ
b
]
xF
pp
2.2c
10
0
10
1
10
2
-1 -0.5  0  0.5  1
d
σ
/d
x
F
  
[µ
b
]
xF
pip
2.2c
10
0
10
1
10
2
-1 -0.5  0  0.5  1
d
σ
/d
x
F
  
[µ
b
]
xF
Kp
2.2c
10
-2
10
-1
10
0
10
1
 0  2  4  6  8  10  12  14  16
d
σ
/d
p
T
2
  
[µ
b
]
pT
2
  [GeV
2
]
pp
2.2c
10
-2
10
-1
10
0
10
1
 0  2  4  6  8  10  12  14  16
d
σ
/d
p
T
2
  
[µ
b
]
pT
2
  [GeV
2
]
pip
2.2c
10
-2
10
-1
10
0
10
1
 0  2  4  6  8  10  12  14  16
d
σ
/d
p
T
2
  
[µ
b
]
pT
2
  [GeV
2
]
Kp
2.2c
FIG. 2: Differential cross section distributions of xF (upper panels) and p
2
T (lower panels) for D production per target
nucleon for Sibyll 2.2c. The interactions p-p (left panels), pi-p (centre panels), and K-p (right panels) are compared
with the data from E769.
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FIG. 3: Differential cross section distribution of xF (upper panels) and p
2
T (lower panels) with p (left panels) and pi
−
(right panels) projectiles. The Λ+c ( Λ¯
−
c ) production from Sibyll 2.2c shown in red solid (blue dotted) lines are compared
with data from SELEX.
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